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Heralded generation and manipulation of quantum entanglement between two macroscopic and spatially sep-
arated crystals at room temperature is theoretically studied. We show that by combining an x-ray parametric
down-conversion source and x-ray interferometry with nuclear resonant scattering techniques, two macroscopic
crystals hosting Mo¨ssbauer nuclei located each on an interferometer arm can be entangled for few tens of
nanoseconds. The coherence time of the entanglement state can be prolonged up to values comparable to the
lifetime of a single nuclear excited state, on the order of hundred nanoseconds. A non-mechanical magnetic
control of the quantum phase between the two spatially separated entangled nuclear crystals is put forward.
The ability to create entanglement between quantum mem-
ories in a heralded manner [1] is vital for quantum communi-
cation developments, in particular for quantum repeaters [2]
and quantum networks [3]. The search for scalable quan-
tum repeaters has come up with solid-state resources, which
require entanglement between quantum memories hosted in
spatially separated macroscopical crystals [1, 4]. So far,
such macroscopical entanglement has been typically lim-
ited in either time duration, working temperature or sample
size/number of atoms involved, as shown in Table I that lists
some key achievements. As generic feature, these experi-
ments make use of optical photons as entanglement carriers
[1, 5–7]. Recent developments in x-ray optics [8–16] and sin-
gle x-ray quanta manipulation [17–19] have pointed out the
advantages of higher frequency photons: deeper penetration,
better focusing, robustness and improved detection [19], all of
them pertinent for quantum technology applications.
The commissioning of the first x-ray free electron lasers
(XFEL) [20, 21] and achievements in non-linear x-ray op-
tics such as x-ray parametric down conversion (XPDC) [22–
25], sum-frequency generation of x-ray and optical wave [26],
and x-ray two-photon absorption [27] extend the frontiers
of quantum optics towards higher frequencies. The field of
x-ray quantum optics [28] promises exciting applications in
metrology [29–31] and information technology [17, 19, 32],
as well as for generation of quantum entanglement in the keV
regime using nuclear rather than atomic transitions [18, 33].
X-ray photons from nuclear transitions would also be ideal
for the exploration of quantum correlations and entanglement
of macroscopic bodies, although this direction was so far
never addressed. In this Letter we put forward for the first
time a scheme to create and manipulate heralded entangle-
TABLE I: Experimental parameters for demonstrated entanglement
between macroscopic objects. The case of the 57FeBO3 crystal is
under theoretical investigation in this work.
Target Temperature Coherence Distance Ref.
(K) time
Nd3+Y2SiO5 crystal 3 7 ns 1.3 cm [1]
1012 Caesium atoms 300 0.5 ms few cm [5]
105 Caesium atoms < 1 1 µs 2.8 m [6]
Diamond crystal 300 7 ps 15 cm [7]
57FeBO3 crystal 300 . 141 ns . 1m this work
ment between two macroscopic solid objects, i.e., crystals
containing Mo¨ssbauer nuclei, using x-rays at room tempera-
ture. We show that a setup comprising nuclear forward scatter-
ing (NFS) [34, 35], XPDC [22, 23] and x-ray interferometry
[36–38] can be superior to previously employed schemes pro-
viding longer coherence times (∼100 ns), room temperature
handling and larger samples (∼ 1018 atoms). Furthermore,
an alternative function of the same setup involving lattice me-
chanical excitations in the crystal (phonons) opens the possi-
bility to explore the boundary between quantum realm and the
classical world [39, 40] and test decoherence models [41].
In NFS experiments [34, 35] a monochromatic x-ray pulse
resonant to a nuclear transition energy, i.e., 14.4 keV for
57Fe, coherently propagates through the Mo¨ssbauer solid-
state sample and is detected in the forward direction. The NFS
technique predates the XFEL originally making use of syn-
chrotron radiation (SR) pulses which are monochromatized to
meV bandwidths. When impinging on a nuclear crystal, each
SR pulse creates at most a single delocalized excitation known
also as a nuclear exciton state |E〉 = 1√
N
∑N
`=1 e
i~k·~r` |g〉|e`〉.
Here, the `th nucleus at position ~r` is excited by the incident
x-ray with the wave number ~k, whereas all other (N − 1) nu-
clei stay in their ground state [18, 35, 42–44]. Intuitively, a
single nuclear sample crystal can be divided into two remote
parties labeled by L and R, leading to the formation of the
following entangled state |ME〉 between two distant parties
|ME〉 = 1√
2
(|E〉L|G〉R + eiφ|G〉L|E〉R) , (1)
where |E〉L(R) and |G〉L(R) stand for the L(R) ensemble be-
ing in the excited state |E〉 and in the ground state, respec-
tively, and φ is the relative phase between the two compo-
nents. This corresponds to the single-photon version of quan-
tum entanglement, i.e., the entanglement of two field modes
by a single photon [45], that has been successfully used to cre-
ate heralded quantum entanglement between two crystals with
optical photons [1].
The nuclear exciton in NFS has remarkable properties that
support the study of quantum entanglement between macroso-
copic samples: (1) the size of the nuclear sample crystals
subject to x-ray irradiation is macroscopic with a typical di-
mension of mm×mm×µm [46, 47]. (2) NFS experiments
are typically performed at room temperature or even higher
temperatures reached in the sample due to the bombardment
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2FIG. 1: (Color online) (a) A combination of x-ray interferometry with nuclear resonant scattering and an XPDC setup. X → X + EUV
down-conversion occurs within a diamond crystal (yellow cuboid). Subsequently, a converted single x-ray signal photon (red arrow) enters
an x-ray interferometer while a converted EUV idler photon (green arrow) reaches detector A producing a click. Beam splitter BS 1 transfers
the signal photon into a two-path entanglement state |TPE〉 = (|1〉L|0〉R + i|0〉L|1〉R)/
√
2. The |TPE〉 photon is then subject to NFS as it
impinges on two 57Fe crystals (green slabs). The nuclear transitions in the latter experience hyperfine splitting under the action of the applied
magnetic fields BL and BR (blue short arrows). As the |TPE〉 single photon is absorbed and shared by the two distant nuclear crystals, the
latter are entangled in the state |ME〉 = (|E〉L|G〉R + i|G〉L|E〉R)/
√
2. The re-emitted signal photon from the nuclear crystals is in turn
reflected by the mirror, recombined at beam splitter BS 2 and registered by either detector B or C. (b) 57Fe nuclear level structure. A linear
polarized x-ray signal photon drives two ∆m = 0 transitions (red arrows). (c)(d) Dynamics of the nuclear currents (rotating orange arrows)
on left and right arm of the interferometer induced by the time-dependent magnetic fields BL and BR (blue solid lines), respectively. BR
is inverted at switching time Tφ. (e) Interference pattern Q (see text) at detector B and C for different Tφ. The light green downward arrow
indicates the moment a click at detector A starts the chronometer for Tφ.
of x-rays. At room temperature, the formed nuclear exciton
exhibits many quantum effects for a duration commensurate
with the nuclear excited state lifetime, e.g., 141 ns for 57Fe
[35, 46–48]. (3) the collective dynamics of the exciton, e.g.,
its decay speed-up [49] and the coherent re-emission of single
x-ray quanta with ~k directionality [35], can be manipulated by
external fields [17, 28, 33, 46, 50]. (4) the efficiency of an x-
ray detector for the considered energy is nearly 100%, and the
noise is very low [19].
Yet, a number of obstacles for entanglement detection arise
in the traditional NFS setup. For instance, the coherent decay
of the exciton in the forward direction requires the absence of
spin flip and nuclear recoil making difficult to check whether
excitation has occurred in the sample. The typical monitor-
ing of the nuclear exciton is the detection of a time-delayed
single x-ray photon that follows the decay of state |E〉 [35–
37, 46, 47], however with many instances without any signal.
Finally, for entanglement control and detection one may not
be able to rely on the Raman technique as employed by the
original DLCZ protocol [2], since in nuclear Λ-type systems
the required initial nuclear state is very challenging to prepare
[51, 52].
Properties (1-4) suggest that the NFS setup can provide a
robust and controllable entanglement state |ME〉 between two
or more macroscopic nuclear crystals at room temperature.
To overcome the outlined disadvantages and prepare with cer-
tainty the entangled state |ME〉, we adopt the heralded method
[1, 53, 54] and put forward the scheme illustrated in Fig. 1. An
XPDC single-photon source provides a heralded x-ray photon
resonant to the nuclear transition. In Fig. 1(a), we use an x-ray
→ x-ray + extreme ultraviolet (X→ X + EUV) [22, 23] setup
consisting of a diamond crystal that splits the pump x-ray into
an EUV idler and an x-ray signal photon. Alternatively, an
X→ X + X down-conversion [24, 25] setup can also be used.
The heralded time sequence of NFS is triggered by registering
an EUV idler photon at the detector A. At the same time the
x-ray signal photon enters an x-ray interferometer, e.g., triple
Laue interferometer [36, 37]. After propagating through the
50/50 beam splitter BS 1 [16], a two path entanglement state
|TPE〉 = (|1〉L|0〉R+i|0〉L|1〉R)/
√
2 of the x-ray signal pho-
ton is formed and then interacts with two distant 57Fe crystals
which are under the action of the hyperfine magnetic fields
BL and BR. Here, state |1〉L(R) and |0〉L(R) refer to the one-
photon Fock state and the vacuum state at the left (right) path,
respectively. Later on, the two NFS paths are recombined on
a 50/50 beam splitter BS 2 and monitored by detectors B and
C. The key for the setup is the arrangement of x-ray and EUV
detectors such that without interacting with the nuclear sam-
3ple crystals, either both detectors A and B, or both detectors A
and C simultaneously register the two XPDC photons. Each
successful creation of the entanglement state |ME〉 is heralded
by the click at detector A while no photon is registered at de-
tectors B, C (registering coherent decay of nuclear exciton)
or any other detectors monitoring the 4pi emission angle (for
photon loss or incoherent, spontaneous decay of the nuclear
exciton). The missing count of an x-ray signal photon is at-
tributed to the absorption by the two remote crystals. The
absorbed and rescattered signal photon reaches the detectors
B or C only later, with a time delay on the order of the nuclear
excited state lifetime, i.e., approx. 100 ns. Due to detection
efficiency (though in principle very high for x-rays [19]) or in-
coherent decay processes in 4pi solid angle, the original lack
of signal at detectors B and C might just be the consequence of
photon loss. However, in this case the click at detector A will
not be followed by any further photons registered with detec-
tors B and C (the 14.4 keV photon background is negligible),
such that no misleading events may be recorded.
The typical bandwidth of the down-converted photons is
around 1 eV [22] corresponding to a pulse duration of 1 fs.
This bandwidth is much broader than the linewidth of the
interacting nuclear transition such that NFS can be treated
as the coherent propagation of an ultrashort pulse through
the resonant nuclear media [55, 56]. Due to the hyperfine
magnetic field, each 57Fe 14.4 keV nuclear transition is split
into a sextet as illustrated in Fig. 1(b). Linearly polarized x-
rays will drive simultaneously the two ∆m = 0 transitions,
with Zeeman energy shifts ±~∆B. The coherently scattered
photon wavepacket off the nuclear crystals can be written as
[49, 55, 56]
ψ(t) =
α√
αΓt
J1
(
2
√
αΓt
)
cos(∆Bt)e
−Γ2 t . (2)
Here, J1 is the Bessel function of the first kind and of the first
order [43, 55–57] caused by multiple scattering [57] or dis-
persion [55, 56], α the effective resonant thickness [57] and Γ
the spontaneous decay rate of the nuclear excited state. Fur-
thermore, the trigonometric oscillation is caused by the quan-
tum beat of the two split nuclear transitions [56, 58], and the
exponential decay term describes the incoherent spontaneous
decay of the excited states. The coherently re-emitted x-ray
signal photon will then be reflected by an x-ray mirror with
near 100% reflectivity [15] and subsequently recombined on
beam splitter BS 2. Finally, either detector B or C will register
the time-delayed x-ray signal from the two output ports of the
interferometer with probabilities that depend on the relative
phase between the two paths.
To verify the entanglement between the two nuclear sample
crystals, we invoke the method of quantum state tomography
[1, 6, 59] to determine the density matrix ρ˜ of |TPE〉 of the
coherently re-emitted single x-ray photon from two targets. In
the photon-number basis , ρ˜ reads [6, 59]
ρ˜ =
1
P

p00 0 0 0
0 p01 dtpe 0
0 d∗tpe p10 0
0 0 0 p11
 , (3)
where pij is the probability of detecting i photons from
the left crystal and j photons from the right one. Fur-
thermore, dtpe is the coherence between the two com-
ponents of |TPE〉 and P = Tr(ρ˜). The concurrence
C = max{0, 2P
(|dtpe| − √p00p11 )} from a measured ρ˜ then
quantifies a lower bound for entanglement such that C = 1
for maximal entanglement and C = 0 for a pure quantum
state [6, 59, 60]. With the approximation p00 ≈ 1 − (p01 +
p01 + p11), the diagonal terms can be determined experimen-
tally by conditional measurements that distinguish between
photons scattered by the L or R samples, e.g., by removing
the second beam splitter BS 2. What concerns the coherence
term dtpe, it has been shown that this can be approximated as
V (p01 + p10)/2 [6, 59], where V is the visibility of the in-
terference fringe at detectors B and C. The latter results from
having the remitted single photon interfere with itself on beam
splitter BS 2 for different phase shifts and can be experimen-
tally determined. Typically, an additional Si phase shifter or a
vibrating crystal are used to mechanically vary the phase be-
tween the two arms in an interferometer [37, 47]. In what fol-
lows we demonstrate a magnetic, non-mechanical solution for
phase modulation that directly and locally controls the nuclear
dynamics in each ensemble and can provide an indication of
controlling entanglement between the two remote parties.
The rotating orange arrows in Fig. 1(c-d) depict the time
evolution of the nuclear transition current matrix elements as
defined Ref. [46]. The nuclear currents in the two crystals are
simultaneously driven by the down-converted signal photon.
Due to the Zeeman shifts±~∆B, the two pairs of nuclear cur-
rents in the two samples evolve in directions determined by
the sign of the corresponding energy shift and accumulate a
phase φ(τ) =
∫ τ
0
∆B(t)dt = ∆Bτ as a constant ∆B is in-
troduced. For a pair of currents in a certain crystal, a phase
jump of −2φ, associated with a time reversal effect [61], can
be induced by inverting one of the applied magnetic fields
at τ = Tφ [17, 18]. As only BR is inverted at t = Tφ,
the right mode turns into cos(φ − ∆Bt) that corresponds to
cos(φ + ∆Bt + Φ) with a phase jump Φ = −2φ, whereas
the left wavepacket is still proportional to cos(φ+ ∆Bt). The
interference fringe can be analyzed as following [62](
âout
b̂out
)
=
1
2
(
1 i
i 1
)( −1 0
0 −1
)
×
(
ψR(t) 0
0 ψL(t)
)(
1 i
i 1
)(
âin
b̂in
)
. (4)
Here, ψR(t) =
ψ(Tφ+t)
cos[∆B(Tφ+t)]
cos[∆B(Tφ − t)] and ψL(t) =
ψ(Tφ + t). Matrices on the right hand side of Eq. (4) in
turn correspond to the action of beam splitter BS 2, mir-
ror, NFS in samples L and R and beam splitter BS 1 on
the incident XPDC field. As the field b̂in is in the vacuum
state, the intensities QB =
∫∞
0
〈â†outâout〉dt ∝ sin2 φ and
QC =
∫∞
0
〈̂b†outb̂out〉dt ∝ cos2 φ at detector B and C, re-
spectively, are plotted in Fig. 1(e) with α = 1, Γ = 1/141
GHz for 57Fe and ∆B = 30Γ. Because of the collectively en-
hanced decay [35], the absorbed x-ray photon is not likely to
be retained in the nuclear ensemble as excitation longer than
4the lifetime of single nuclear excited state. The coherence
time of the entanglement between two crystals is approx. 60
ns in Fig. 1(e). However, it has been shown that the speed-
up decay can be coherently turned off and on via a sequence
of rotating [46] or switching off the hyperfine magnetic field
[17]. While Ref. [17] remains so far only a theoretical pro-
posal, Ref. [46] reports the successful experimental demon-
stration of prolonging the nuclear exciton lifetime to 1/Γ by
rotating an externally applied magnetic field of 10 G which
in turn controls the internal hyperfine magnetic field inside a
57FeBO3 crystal. Such a scheme could also be used to extend
the coherence time of the presented entanglement setup by us-
ing 57FeBO3 crystals as nuclear samples and a magnetic field
rotation setup.
We now proceed with estimates on the possible production
rate of heralded macroscopic entanglement. The key require-
ment here is that the XPDC source produces down-converted
x-ray signal photons with energies within the width of the nu-
clear excited state, where the nuclear resonance absorption
exceeds by orders of magnitude the atomic background pro-
cesses [49]. With a resonance cross section of σ = 2.5 Mbarn
for the 14.4 keV transition of 57Fe, already a nuclear sample
of 20 µm thickness is likely to absorb all incoming resonant
photons. Assuming 100 % detection efficiency [19], the flux
RE of produced signal photons within the nuclear linewidth
equals the rate of heralded entanglement creation. The flux
can be estimated as RE = ξs∆En/∆Es, where ∆En = 29.3
neV is the linewidth of the considered 57Fe nuclear transi-
tion, and ∆Es = 1 eV and ξs are the bandwidth and the
flux, respectively, of the down-converted signal photons [22].
According to Ref. [22, 63], ξs ∝ |~χ(2)111|2Ip, where Ip is the
photon density of the pump field, and |~χ(2)111| the 111 Fourier
coefficient of the second order nonlinear susceptibility for a
diamond (111) crystal [64, 65]. By introducing ωp = ωs + ωi
[22] and the law of cosines [66], we obtain for the susceptibil-
ity
|~χ(2)111| ≈
Ne3FV111
(
c2|Qˆ111|2 − 4ωsωi
)
4cε0m2ωsω2i (ω
2
s − ω2i )
, (5)
where ωp, ωs, and ωi are the angular frequencies of pump, sig-
nal and idler photons, respectively, N is the number density
of unit cells, FV111 the linear structure factor of bound elec-
trons [22, 64] and Qˆ111 the 111 reciprocal lattice vector of the
XPDC diamond crystal. Further parameters are m the elec-
tron mass, e the electron charge, c the speed of light and ε0 the
vacuum permittivity. Given ~ωs = 14.4 keV and ~ωi = 100
eV, |~χ(2)111| ∼ 10−20 C/N ∼ 10−16 statcoulombs/dynes, hav-
ing the same order of magnitude as for the case of ~ωs = 10.9
keV reported in Ref. [22]. Since for the latter SR pulses were
used as pump field, the pump photon density can be enhanced
by considering an XFEL pulse. Fortunately, diamond crys-
tals are robust and do not experience lattice damage from ex-
posure to intense XFEL radiation [14]. Considering a train
of XFEL pulses with 1012 photons/pulse and repetition rate
f = 2.7 × 104 [67], on a spot size of 0.0005 mm2, we ob-
tain Ip = 5.5 × 1018 photons/s/mm2. By simple scaling we
then obtain ξs = 2.9 × 106 signal photons/s with a band-
width of 1 eV, resulting in a production rate RE of around 1
Hz for the heralded creation of entanglement. We note that
the signal photon rate is low enough to allow sufficient po-
tential recording time (several hundreds ns) between single
shots. Further attention is required for avoiding losses by air
absorption of the heralding EUV photon [22] and also for the
mechanical alignment of the setup, with XPDC source, beam
splitters and mirrors all having angular acceptances of µrad
[14, 22, 36, 37].
Our scheme for heralded generation of quantum entangle-
ment between two macroscopical nuclear sample crystals re-
lies on Mo¨ssbauer nuclear transitions. In practice, quantum
effects of the collective nuclear excitation have been shown
to be preserved or even induced by vibrating nuclear crystals
[19, 37, 47, 68]. Nuclear resonant inelastic coherent scatter-
ing [69, 70], for instance, would allow the creation of entan-
glement in the mechanical motion of a macroscopic system
similar to the results reported in Ref. [7], but with increased
coherence time and several orders of magnitude increase in
the number of involved atoms. The additional feature required
from our setup is the detection of phonons in the sample, cor-
responding with meV energy resolution for the signal pho-
ton. We expect that heralded entanglement using x-rays and
nuclear transitions can thus open a new research avenue for
both applied ideas related to quantum technology as well as
more foundational studies of the boundary between the quan-
tum and classical worlds.
∗ Electronic address: Liao@mpi-hd.mpg.de
† Electronic address: Palffy@mpi-hd.mpg.de
[1] I. Usmani, C. Clausen, F. Bussie`res, N. Sangouard, M. Afzelius,
and N. Gisin, Nature Photon. 6, 234 (2012).
[2] L.-M. Duan, M. Lukin, J. I. Cirac, and P. Zoller, Nature 414,
413 (2001).
[3] H. J. Kimble, Nature 453, 1023 (2008).
[4] W. Tittel, M. Afzelius, T. Chanelie´re, C. R. L., S. Kro¨ll, S. A.
Moiseev, and M. Sellars, Laser Photon. Rev. 4, 244 (2010).
[5] B. Julsgaard, A. Kozhekin, and E. S. Polzik, Nature 413, 400
(2001).
[6] C.-W. Chou, H. De Riedmatten, D. Felinto, S. Polyakov,
S. Van Enk, and H. J. Kimble, Nature 438, 828 (2005).
[7] K. Lee, M. Sprague, B. Sussman, J. Nunn, N. Langford, X.-M.
Jin, T. Champion, P. Michelberger, K. Reim, D. England, et al.,
Science 334, 1253 (2011).
[8] F. Pfeiffer, C. David, M. Burghammer, C. Riekel, and T. Salditt,
Science 297, 230 (2002).
[9] Y. V. Shvyd’ko, M. Lerche, H.-C. Wille, E. Gerdau, M. Lucht,
H. D. Ru¨ter, E. E. Alp, and R. Khachatryan, Phys. Rev. Lett. 90,
013904 (2003).
[10] Y. Shvyd’ko, X-Ray Optics: High-Energy-Resolution Applica-
tions (Springer-Verlag, 2004).
[11] S.-L. Chang, Y. P. Stetsko, M.-T. Tang, Y.-R. Lee, W.-H. Sun,
M. Yabashi, and T. Ishikawa, Phys. Rev. Lett. 94, 174801
(2005).
[12] A. Jarre, C. Fuhse, C. Ollinger, J. Seeger, R. Tucoulou, and
T. Salditt, Phys. Rev. Lett. 94, 074801 (2005).
[13] S.-Y. Chen, H.-H. Wu, Y.-Y. Chang, Y.-R. Lee, W.-H. Sun,
5S. Chang, Y. P. Stetsko, M. Tang, M. Yabashi, and T. Ishikawa,
Applied Physics Letters 93, 141105 (2008).
[14] Y. Shvyd’ko, S. Stoupin, A. Cunsolo, A. H. Said, and X. Huang,
Nature Phys. 6, 196 (2010).
[15] Y. Shvyd’ko, S. Stoupin, V. Blank, and S. Terentyev, Nature
Photon. 5, 539 (2011).
[16] T. Osaka, M. Yabashi, Y. Sano, K. Tono, Y. Inubushi, T. Sato,
S. Matsuyama, T. Ishikawa, and K. Yamauchi, Opt. Express 21,
2823 (2013).
[17] W.-T. Liao, A. Pa´lffy, and C. H. Keitel, Phys. Rev. Lett. 109,
197403 (2012).
[18] W.-T. Liao and A. Pa´lffy, Phys. Rev. Lett 112, 057401 (2014).
[19] F. Vagizov, V. Antonov, Y. Radeonychev, R. Shakhmuratov, and
O. Kocharovskaya, Nature 508, 80 (2014).
[20] J. Arthur et al., Linac Coherent Light Source (LCLS). Concep-
tual Design Report (SLAC, Stanford, 2002).
[21] XFEL @ SACLA, Official Website (2014),
http://xfel.riken.jp/eng/sacla/.
[22] K. Tamasaku and T. Ishikawa, Phys. Rev. Lett. 98, 244801
(2007).
[23] K. Tamasaku, K. Sawada, E. Nishibori, and T. Ishikawa, Nature
Physics 7, 705 (2011).
[24] S. Shwartz and S. E. Harris, Phys. Rev. Lett. 106, 080501
(2011).
[25] S. Shwartz, R. N. Coffee, J. M. Feldkamp, Y. Feng, J. B. Hast-
ings, G. Y. Yin, and S. E. Harris, Phys. Rev. Lett. 109, 013602
(2012).
[26] T. E. Glover, D. Fritz, M. Cammarata, T. Allison, S. Coh,
J. Feldkamp, H. Lemke, D. Zhu, Y. Feng, R. Coffee, et al., Na-
ture 488, 603 (2012).
[27] K. Tamasaku, E. Shigemasa, Y. Inubushi, T. Katayama,
K. Sawada, H. Yumoto, H. Ohashi, H. Mimura, M. Yabashi,
K. Yamauchi, et al., Nature Photonics 8, 313 (2014).
[28] B. W. Adams, C. Buth, S. M. Cavaletto, J. Evers, Z. Harman,
C. H. Keitel, A. Pa´lffy, A. Pico´n, R. Ro¨hlsberger, Y. Rostovtsev,
et al., J. Mod. Opt. 60, 2 (2013).
[29] T. Schibli, I. Hartl, D. Yost, M. Martin, A. Marcinkevicˇius,
M. Fermann, and J. Ye, Nature Photonics 2, 355 (2008).
[30] S. M. Cavaletto, Z. Harman, C. Buth, and C. H. Keitel, Phys.
Rev. A 88, 063402 (2013).
[31] S. M. Cavaletto, Z. Harman, C. Ott, C. Buth, T. Pfeifer,
and C. H. Keitel, published online in Nature Photonics,
doi:10.1038/nphoton.2014.113 (2014).
[32] W.-T. Liao, Coherent Control of Nuclei and X-Rays (Springer,
2014).
[33] A. Pa´lffy, C. H. Keitel, and J. Evers, Phys. Rev. Lett. 103,
017401 (2009).
[34] J. B. Hastings et al., Phys. Rev. Lett. 66, 770 (1991).
[35] R. Ro¨hlsberger, Nuclear Condensed Matter Physics With Syn-
chrotron Radiation: Basic Principles, Methodology and Appli-
cations (Springer-Verlag, 2004).
[36] Y. Hasegawa, Y. Yoda, K. Izumi, T. Ishikawa, S. Kikuta, X. W.
Zhang, and M. Ando, Phys. Rev. Lett. 75, 2216 (1995).
[37] Y. Hasegawa and S. Kikuta, Hyperfine Interactions 123, 721
(1999).
[38] K. Tamasaku, M. Yabashi, and T. Ishikawa, Phys. Rev. Lett. 88,
044801 (2002).
[39] S. Haroche, Phys. Today 51, 36 (1998).
[40] W. H. Zurek, Rev. Mod. Phys. 75, 715 (2003).
[41] A. Bassi, K. Lochan, S. Satin, T. P. Singh, and H. Ulbricht, Rev.
Mod. Phys. 85, 471 (2013).
[42] M. Haas, V. Hizhnyakov, E. Realo, and J. Jogi, Phys. Stat.
Sol.(b) 149, 283 (1988).
[43] G. V. Smirnov, U. van Bu¨rck, W. Potzel, P. Schindelmann, S. L.
Popov, E. Gerdau, Y. V. Shvyd’ko, H. D. Ru¨ter, and O. Leupold,
Phys. Rev. A 71, 023804 (2005).
[44] G. V. Smirnov, U. van Bu¨rck, J. Arthur, G. S. Brown, A. I.
Chumakov, A. Q. R. Baron, W. Petry, and S. L. Ruby, Phys.
Rev. A 76, 043811 (2007).
[45] S. J. van Enk, Phys. Rev. A 72, 064306 (2005).
[46] Y. V. Shvyd’ko et al., Phys. Rev. Lett. 77, 3232 (1996).
[47] G. V. Smirnov, U. van Bu¨rck, J. Arthur, S. L. Popov, A. Q. R.
Baron, A. I. Chumakov, S. L. Ruby, W. Potzel, and G. S. Brown,
Phys. Rev. Lett. 77, 183 (1996).
[48] K. P. Heeg, H.-C. Wille, K. Schlage, T. Guryeva, D. Schu-
macher, I. Uschmann, K. S. Schulze, B. Marx, T. Ka¨mpfer,
G. G. Paulus, et al., Phys. Rev. Lett. 111, 073601 (2013).
[49] J. P. Hannon and G. T. Trammell, Hyperfine Interact. 123, 127
(1999).
[50] W.-T. Liao, S. Das, C. H. Keitel, and A. Pa´lffy, Phys. Rev. Lett.
109, 262502 (2012).
[51] W.-T. Liao, A. Pa´lffy, and C. H. Keitel, Phys. Lett. B 705, 134
(2011).
[52] W.-T. Liao, A. Pa´lffy, and C. H. Keitel, Phys. Rev. C 87, 054609
(2013).
[53] M. O. Scully, E. S. Fry, C. H. R. Ooi, and K. Wo´dkiewicz, Phys.
Rev. Lett. 96, 010501 (2006).
[54] N. Bruno, A. Martin, P. Sekatski, N. Sangouard, R. Thew, and
N. Gisin, Nature Physics 9, 545 (2013).
[55] M. D. Crisp, Phys. Rev. A 1, 1604 (1970).
[56] U. Van Bu¨rck, Hyperfine Interact. 123/124, 483 (1999).
[57] Y. V. Shvyd’ko, Phys. Rev. B 59, 9132 (1999).
[58] Y. V. Shvyd’ko, U. van Bu¨rck, W. Potzel, P. Schindelmann,
E. Gerdau, O. Leupold, J. Metge, H. D. Ru¨ter, and G. V.
Smirnov, Phys. Rev. B 57, 3552 (1998).
[59] J. Laurat, K. S. Choi, H. Deng, C. W. Chou, and H. J. Kimble,
Phys. Rev. Lett. 99, 180504 (2007).
[60] W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998).
[61] Y. Shvyd’ko, T. Hertrich, J. Metge, O. Leupold, E. Gerdau, and
H. Ru¨ter, Phys. Rev. B 52, R711 (1995).
[62] G. S. Agarwal, Quantum Optics (Cambridge University Press,
2012).
[63] K. Tamasaku and T. Ishikawa, Phys. Rev. Lett. 102, 079902
(2009).
[64] I. Freund and B. F. Levine, Phys. Rev. Lett. 25, 1241 (1970).
[65] I. Freund, Chem. Phys. Lett. 12, 583 (1972).
[66] R. Lennart, B. Westergren, et al., Mathematics handbook for
science and engineering (Springer, 2004).
[67] M. Altarelli et al., XFEL: The European X-Ray Free-Electron
Laser. Technical Design Report (DESY, Hamburg, 2006).
[68] H. Jex, A. Ludwig, F. J. Hartmann, E. Gerdau, and O. Leupold,
Europhys. Lett. 40, 317 (1997).
[69] W. Sturhahn, J. Phys.: Condens. Matter 16, S497 (2004).
[70] M. Seto, Y. Yoda, S. Kikuta, X. W. Zhang, and M. Ando, Phys.
Rev. Lett. 74, 3828 (1995).
